Introduction
Transcription factors are generally composed of two modules: the DNA-binding domain and the transcription activation domain. How transcription activation domains transmit their effects to target genes is currently a subject of intensive study. Several types of activation domains with characteristic amino acid compositions are known. These include the acidic domain rich in acidic amino acids, the proline-rich domain and the glutamine-rich domain, although there are many other domains which lack these characteristic amino acid compositions. It has been shown that certain activation domains interact directly with components of the basal transcription machinery including TFIIB, TATA-box binding proteins (TBP) and TBP-associated factors (TAFs) (Stringer et al., 1990; Lin et al., 1991; Tjian and Maniatis, 1994) . In these cases, transcription factors bound to DNA are thought to function by recruiting the basal transcriptional machinery to the promoter for gene activation (Ptashne and Gann, 1997) .
Other activation domains interact with the basal transcription machinery through indirect interactions mediated by 'co-activators'. For example, the acidic activation domain of yeast transcription factor GCN4 interacts with a co-activator complex containing ADA2, ADA3 and GCN5, which in turn makes contact with the basal transcription machinery (Barlev et al., 1995) . In mammalian cells, a large number of DNA-binding transcription factors use the co-activator p300/CBP (Janknecht and Hunter, 1996) , which has a domain highly similar in sequence to a part of yeast ADA2, and associate with the factor p/CAF which shows significant homology to yeast GCN5 (Yang et al., 1996) . In addition to the recruitment of the basal transcription machinery to the promoter, recent studies indicate that co-activators including GCN5, p/CAF and p300/CBP possess histone acetyl transferase activity (Bannister and Kouzarides, 1996; Brownell et al., 1996; Ogryzko et al., 1996; Yang et al., 1996) . Core histone acetylation destabilizes the nucleosome so that the basal transcription machinery can gain access to promoters more effectively to facilitate transcription (Wade and Wollfe, 1997) . These co-activator complexes can interact with more than one transcription factor at the same time, and, thereby, are thought to integrate the activities of distinct activation domains to increase the recruitment of basal transcription machinery to promoters.
Specific protein-protein interactions are important for a multitude of cellular processes and are mediated by functionally and structurally distinct domains, such as SH3, SH2, PTB, PH, PDZ and WW domains (Musacchio et al., 1992; Marengere and Pawson, 1994; Bork and Margolis, 1995; Ferguson et al., 1995; Songyang et al., 1997) . Among these protein modules, the WW domain (also called the WWP domain or Rsp5 domain) is a globular domain consisting of~40 amino acids, of which two, tryptophan and an invariant proline, are highly conserved (Andre and Springael, 1994; Bork and Sudol, 1994; Hofmann and Bucher, 1995) . This domain is present in numerous and unrelated proteins such as Yes-associated protein (YAP), Nedd4, Rsp5, Pub1, dystrophin, FE65, Pin1 and formin-binding proteins (FBPs) (Rotin, 1998) . Like the SH3 domain, the WW domain can recognize certain proline-rich motifs represented by the sequence PPxY (Chen and Sudol, 1995; Linn et al., 1997) or PPLP (Bedford et al., 1997; Ermekova et al., 1997) which are distinguishable from the ligand sequences of SH3 domains. The PPxY sequence, known as the PY motif, was originally identified in WBP (WW domain-binding protein) 1 and 2 (Chen and Sudol, 1995) , and was shown to be recognized by a subclass of WW domains present in YAP and Nedd4 in vitro (Chen and Sudol, 1995; . Sometimes, the PY motif is conserved in several members of the same family including three ENaC subunits (epithelial sodium channel protein α, β and γ), retroviral Gag proteins (those of RSV, HTLV1 and AEV), interleukin receptors (IL-2R, IL-6R and IL-7R) and several Ser/Thr kinases (MAPKAP2 and CamKI) (Schild et al., 1996; Rotin, 1998) . Although this observation suggests the potential importance of the PY motif, its biological significance remains poorly understood.
It is interesting to note that the PY motif is found in the transcription activation domains of many transcription factors, including c-Jun (Baichwal and Tjian, 1990) , AP-2 (Williams and Tjian, 1991) , C/EBPα (Nerlov and Ziff, 1994) , NF-E2 (Mosser et al., 1998) , KROX-20 (Vesque and Charnay, 1992) , KROX-24 (Gashler et al., 1993) and MEF2B (Molkentin et al., 1996) . This observation suggests that the PY motif plays a role in mediating transcription stimulation by interacting with WW domaincontaining proteins. However, the actual target proteins of the PY motif which confer transcription stimulation activity have not yet been identified.
A transcription factor, polyomavirus enhancer binding protein 2 (PEBP2) (also called core binding factor, CBF) is a member of the Runt domain transcription factor family. Members of this family are composed of α and β subunits (Speck and Stacy, 1995; Ito, 1997) . The α subunit is the mammalian homolog of Drosophila runt and contains an evolutionarily conserved region, the Runt domain, which is required for DNA binding and heterodimerization with the β subunit (Meyers et al., 1993; Ogawa et al., 1993b; Kagoshima et al., 1996) . The α subunit also contains the transactivation domain (Bae et al., 1994; Kanno et al., 1998) . The β subunit does not bind to DNA but it enhances the affinity of the α subunit for DNA (Ogawa et al., 1993a; Kagoshima et al., 1996) . In mammalian cells, the α subunit is encoded by three independent genes, PEBP2αA/CBFA1/AML3, PEBP2αB/CBFA2/AML1 and PEBP2αC/CBFA3/AML2 (Ito and Bae, 1997) . PEBP2αA is essential for osteogenesis, and heterozygous mutations in this gene cause the human bone disease, cleidocranial dysplasia (Ducy et al., 1997; Komori et al., 1997; Mundlos et al., 1997; Otto et al., 1997; Zhang et al., 1997a) . PEBP2αB/AML1 plays pivotal roles in hematopoieses and is the most frequent target of chromosome translocations in human leukemias (Ito, 1996; Okuda et al., 1996; Wang et al., 1996) . We recently identified activation and inhibitory domains (AD and ID, respectively) in the C-terminal region of PEBP2αB1 (to be referred hereafter as αB1 for simplicity) (Kanno et al., 1998) . ID, which is contained within a 40 amino acid region and located next to the AD, keeps the full transactivation potential of the full-length protein below its optimal level probably through intramolecular masking of AD. AD is contained within an 80 amino acid region and does not have any of the amino acid clusters that characterize transactivation domains. We noted the presence of a sequence that completely matches the consensus sequence for the PY motif in AD. Moreover, the 10 amino acid sequence containing the PY motif, HTYLPPPYPG, is perfectly conserved among PEBP2α family members so far identified from Xenopus to human. These observations suggest the PY motif is potentially important for the stimulation of transcription by PEBP2.
In this study, we show that the PY motif of PEBP2α interacts with YAP and that YAP confers transcription stimulation activity on the PY motif fused to the GAL4 DNA-binding domain. These studies indicate that the PY motif and its binding partner, YAP, function together as a trans-activating motif and as a co-activator, respectively, in the regulation of transcription.
Results
The PY motif in the transcription factor PEBP2α acts as an activation motif We previously mapped a transcription AD of αB1 to the region between amino acids 291 and 371. AD can be subdivided into two elements, TE1 and TE2, which function differently depending on the cell type (Kanno et al., 1998) . A 10 amino acid sequence (HTYLPPPYPG) within the TE2 subregion of AD [AD(TE2)] contains a candidate PY motif which is well conserved in PEBP2αA1 and PEBP2αC (to be referred to hereafter as αA1 and αC, respectively) as well as in chicken and Xenopus homologs of αB1. As will be shown below, the PPPY sequence within this conserved region is a genuine PY motif and interacts specifically with WW domains. We investigated the role of the PY motif in the stimulation of transcription using the 33 amino acid region containing the PY motif from αB1 fused to the minimum GAL4 DNA-binding domain (referred to as G-PY33). A previous study indicated that alanine substitution of the first, second or fourth amino acids of the PY motif abolished binding to the WW domain in vitro, whereas alanine substitution at the third position reduced but did not abolish the activity (Chen and Sudol, 1995) . Thus, we introduced the same alanine substitutions (P1A, P2A, P3A and Y4A in Figure  1A ) into the PY motif of G-PY33 to disrupt a possible interaction with a WW domain protein(s). In MC3T3-E1, NIH 3T3 and P19 cells, G-PY33 activated transcription from the tk promoter through the GAL4 binding site significantly. Furthermore, each of the P1A, P2A and Y4A mutations abolished this activity almost completely, while the P3A mutation was less effective ( Figure 1B) . Similar results were obtained in ROS17/2.8 cells (data not shown). These results agree well with the characteristics of the interaction between the PY motif and the WW domain, indicating that the PY motif is mainly responsible for AD(TE2) stimulatory activity in these cells. The results also indicated that a WW domain-containing protein probably interacts with the motif to stimulate transcription.
To test whether the PY motif alone is sufficient for activation, we fused the 12 amino acid peptide, HTYLPPPYPGSS, to the GAL4 DNA-binding domain (referred to as G-PY12) and examined the capacity of the construct to stimulate transcription. In P19 cells, G-PY12 stimulated transcription 1.5-fold compared with the GAL4 DNA-binding domain alone. Alanine substitution of the first proline of the PY motif (G-PY12 P1A) abolished the activity ( Figure 1B) . These results suggested that the PY motif by itself acts as a transcription activation element and that it is primarily responsible for AD(TE2) activity in these cells. 
Isolation of YAP as a PY motif-binding protein
A PY motif-binding protein was identified by yeast twohybrid screening using the AD of αB1 as a bait. From 10 8 clones screened, 14 positive clones were obtained. Six of them encoded the mouse homolog of YAP. Chicken YAP was originally isolated as a protein that binds to the SH3 domain of c-Yes (Sudol, 1994) and subsequently mouse and human homologs were identified . Chicken YAP and human YAP have only one WW domain, whereas mouse YAP (mYAP) has two copies ( Figure 2A ). In addition to the WW domain, all YAPs reported so far contain a proline-rich motif, which serves as the SH3-binding motif, a glutamine-rich region and an acidic region (Figure 2A) .
If YAP is involved in transcriptional regulation, YAP must be expressed in cells in which the PY motif plays an active role in transcription. We performed RT-PCR analysis using mRNAs from P19 and NIH 3T3 cells and detected mYAP transcripts in P19 and NIH 3T3 cells ( Figure 2B ) as expected from the data shown in Figure  1B . On the other hand, we did not detect a mYAP transcript in L1210 in which PY motif-dependent activities were not detected (see Figure 5A and B).
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YAP is localized both in the cytoplasm and the nucleus YAP interacts with the SH3 domain of c-Yes tyrosine kinase, a protein that is found attached to the cytoplasmic face of the plasma membrane. YAP also binds to other SH3 domain-containing proteins including c-Src and Crk in vitro (Sudol, 1994) . In addition, YAP has been implicated in the maturation of retrovirus particles by associating with GAG protein (Garnier et al., 1996) . Because of these properties, YAP is thought to be a cytoplasmic protein. If YAP is a transcriptional co-activator, however, YAP must become localized to the nucleus at some stage. As shown in Figure 2C , YAP was found in the nucleus as well as in the cytoplasm of NIH 3T3 cells.
The WW domain of YAP interacts with PEBP2α through the PY motif
To confirm that the YAP-WW domain interacts directly with the PY motif of PEBP2α, we performed GST pulldown assays in vitro. αB1 and its PY motif mutants were translated in vitro in the presence of [ 35 S]methionine and their interaction with GST-mYAP-WW domain-1 (GST-WW1) and GST-mYAP-WW domain-2 (GST-WW2) was examined. The results of the experiments are shown in Figure 3A and B, and the data are quantified in Figure 3C .
αB1 and its derivatives did not bind to GST alone ( Figure 3A , lanes [16] [17] [18] [19] [20] . αB1 bound to WW1 twice as efficiently as to WW2 (compare lane 6 with lane 11). However, αB1(P1A), αB1(P2A) and αB1(Y4A) bound neither to WW1 nor to WW2 efficiently (compare lanes 7, 8 and 10 with lane 6 and lanes 12, 13 and 15 with lane 11, respectively). αB1(P3A), on the other hand, bound to WW1 and WW2 nearly as efficiently as to αB1 (compare lane 9 with lane 6 and lane 14 with lane 11, respectively). These results suggest that both mYAP-WW domains interacted with αB1 through the PY motif-containing region, although WW1, which is conserved between human, mouse and chicken YAPs, has higher affinity for the YAP-PY motif than WW2.
We also tested whether αA1 and αC were able to bind to the WW1 and WW2 domains ( Figure 3B ). Both GST-WW1 and GST-WW2 efficiently pulled down αC and again WW1 bound more strongly than WW2 (compare lanes 8 and 12). In the case of αA1, the full-length protein interacted with WW1 and WW2 poorly (lanes 5 and 9). Unexpectedly, the C-terminally truncated form, αA1(424), interacted with WW1 and WW2 more efficiently than full-length αA1 (compare lanes 6 with 5 and 10 with 9 and Figure 3C ). Further truncation to amino acid 388 which removes the PY motif (see Figure 6A ) eliminated binding to both WW1 and WW2 (lanes 7 and 11). The results indicate that both WW domains of mYAP bind to all members of the PEBP2α family of proteins and that WW1 binds more efficiently than WW2. The difference in binding efficiency between the full-length and C-terminally truncated PEBP2α will be discussed later.
We fused the 70 amino acid region of αB1 containing AD with or without alanine substitution of the PY motif to the DNA-binding domain of LexA ] and analyzed the interactions of the resulting constructs with YAP using the yeast two-hybrid assay ( Figure 3D ). A strong interaction between LexADBD- αB1(302-371) and GAL4-AD-YAP was observed, whereas P1A, P2A and Y4A mutants barely bound to GAL4-AD-YAP. The P3A mutant, however, showed decreased but significant binding activity to GAL4-AD-YAP. These results are consistent with the results shown above, suggesting that YAP interacts with αB1 through the PY motif in vitro and in vivo.
YAP contains a strong, intrinsic transcription activation domain
To test whether YAP itself contains the transcription activation domain, we fused YAP to the minimum GAL4 DNA-binding domain, GAL4(1-93), and examined the effect of the fusion on GAL4 binding site-containing reporter activity. The GAL4-YAP fusion protein strongly stimulated GAL4 binding site-dependent transcription in L1210 cells at a level similar to that attained by GAL4-VP16 ( Figure 4A ). Similar results were obtained in P19 and NIH 3T3 cells (data not shown). These results indicated that YAP contains strong, intrinsic transactivation activity which activates transcription when it is artificially tethered to a promoter in mammalian cells. We also detected strong activation by the LexA-YAP fusion protein in yeast cells (data not shown).
We mapped the activation domain of YAP using the deletion derivatives of mYAP shown in Figure 4B . Each deletion mutant was fused to GAL4(1-93) and tested for its transcription stimulation activity in COS7 cells. The C-terminal deletion up to amino acid 301 abolished the stimulatory activity and further deletion had no further effect (lanes 3 and 4). Consistent with this observation, the C-terminal regions, amino acids 156-472 and 276-472, by themselves showed strong stimulatory activity (lanes 5 and 6). Deletion of the SH3-binding motif did not affect the activity (lane 2). The fragments containing one or two WW domains did not stimulate transcription (lanes 7 and 8). These results established that the C-terminal region between amino acids 276 and 472, which is rich in serine, threonine and acidic amino acids, is responsible for the strong transcription stimulation activity of mYAP and that this intrinsic transcription activation domain is distinct from the WW domains. Unlike the transcriptional co-activator, p300, YAP did not show any histone acetyltransferase activity ( Figure 4C ).
YAP stimulates transcription by binding to the PY motif
We next tested the possibility that YAP stimulates transcription by binding to the PY motif using exogenously expressed YAP and G-PY33 together with the GAL4 site-containing reporter. The activity was assayed in L1210 cells in which the YAP transcript was not detected. In this cell line, G-PY33 and the GAL4 DNA-binding domain showed essentially the same activity ( Figure 5A ). GST pull-down assays. αB1 and its PY motif mutants (A), αC, αA1 and its derivatives (B) were translated in vitro and pulled down with GST, GST-mYAP-WW-domain-1 (GST-WW1) or GST-mYAP-WWdomain-2 (GST-WW2) bound beads. The proteins bound to the beads and 10% of the in vitro translated proteins used in the binding assay (10% input), were separated by 10% SDS-PAGE. (C) The band intensities in (A) and (B) were quantified and the relative binding efficiency (band intensity of the bound protein against that of the input protein) is indicated. (D) Yeast L40 strain was transfected with both pGAD-YAP and a pBTM116-based plasmid expressing the LexA DNA-binding domain fused to αB1(302-371) or its PY motif mutant as indicated. The β-galactosidase activities (units) of three independent transformants were determined. L, LexA DNA-binding domain; PY70, αB1(302-371).
Co-expression of increasing amounts of the YAPexpressing plasmid clearly increased the transactivation activity of G-PY33 by up to 5-fold in a dose-dependent manner ( Figure 5A ). Furthermore, mutants of G-PY33 harboring P1A, P2A or Y4A mutations no longer responded to YAP for transcription activation, while the P3A mutant was slightly stimulatory ( Figure 5B ). This transcription stimulatory activity in the presence of YAP correlated well with the binding activity of YAP to the PY motif described above, indicating that exogenously expressed YAP confers transcription stimulation activity by binding on the PY motif.
To test whether the PY motif alone is sufficient for YAP stimulation of transcription, we tested whether G-PY12 can be used by YAP as a docking site. G-PY12 activated transcription~1.6-fold in the presence of YAP, while the GAL4 DNA-binding domain alone or the amino 2555 acid substitution mutant, P1A (G-PY12 P1A), did not ( Figure 5B ), indicating that YAP was able to bind to, and stimulate transcription through the PY motif on the 12 amino acid oligopeptide. G-PY33, having 21 amino acids more, responded to YAP better; presumably the longer peptide could form a more stable complex with YAP. The reason for stability could be either that the longer peptide assumes a more natural conformation to interact with YAP or that an additional protein is required for interaction with YAP.
Next, we tested whether YAP could co-activate transcription through the natural binding site present on the full-length PEBP2α protein. We obtained ambiguous results using several reporter systems in a number of differentiated cells, possibly reflecting the relative interplay between YAP and other factors involved in transcriptional regulation, as was observed in similar experiments performed for CBP/p300. For example, the activity of SV40 enhancer was not stimulated by exogenously expressed p300 unless the endogenous p300 was sequestered by adenovirus E1A (Eckner et al., 1994) . In P19 embryonal carcinoma cells, however, we were able to obtain clear-cut results. For this experiment, we employed a reporter containing three tandem copies of the TGFβ-responsive element from the Ig Cα promoter which contains the PEBP2 binding site (Lin and Stavnezer, 1992; Shi and Stavnezer, 1998) . In this system, αA1, αB1 and αC mildly stimulated reporter activity ( Figure 5C ) and the activity was entirely dependent on the intact PEBP2 binding site (data not shown). Co-transfection of YAP further stimulated the activity in a dose-dependent manner in all cases, and especially in the case of αC ( Figure 5C ). A possible explanation for the higher activity of αC will be presented below. Stimulation of αB1 activity by YAP was virtually eliminated when the PY motif was mutated ( Figure 5D ). This was also shown to be the case for the mutated version of G-PY33 ( Figure 5B) .
The results presented above show that YAP stimulates transcription by binding to the PY motif of PEBP2αA1, αB1 and αC.
Endogenous YAP is partly responsible for the transactivation of the osteocalcin promoter by αA To obtain evidence that endogenous YAP actually participates in transcription activation, the effect on G-PY33 activity of a C-terminally truncated YAP lacking the transcription activation domain was examined. As shown in Figure 6B , the C-terminally truncated YAP virtually abolished G-PY33 activity, suggesting that it inhibited endogenous activity by acting in a trans-dominant manner in NIH 3T3 cells.
We then studied the role of YAP at a natural promoter using the minimal osteocalcin promoter whose activity is controlled by αA (Ducy et al., 1997) . Osteocalcin promoter activity was enhanced by exogenously expressed αA1 and even more efficiently by the C-terminally truncated form, αA1(424) carrying the PY motif, but not by the still shorter one, αA1(388) lacking the PY motif ( Figure 6C , lanes 1, 4, 7 and 10). This activation correlated well with the binding activity of αA1 to the WW domain of YAP examined in Figure 3B . The activities of αA1 and αA1(424) progressively decreased as the amount of the dominant negative form increased (Figure 6, lanes 4-9) , while the activity of αA1(388) and basal activity remained nearly the same ( Figure 6 , lanes 1-3 and 10-12). These results suggest that endogenous YAP or YAP-related protein stimulates the activity of the osteocalcin promoter.
Binding of YAP to PEBP2α is regulated by an auto-inhibitory domain, ID
We reported previously that the AD of αB1 is intramolecularly regulated by an adjacent auto-inhibitory region termed the inhibitory domain (ID) as illustrated in Figure 7A ( Kanno et al., 1998) . This region is also well conserved in αA1. In the case of αC, only the N-terminal half of the region is highly conserved ( Figure 7B ). The results shown above in Figure 3B indicated that YAP binding was more efficient to the C-terminally truncated αA1(424) than to the full-length αA1. Therefore, we investigated whether the phenomenon observed in Figure 3B is related to the activity of the ID. As expected, stimulation of the reporter activity by YAP was strongly enhanced when the ID was removed from αB1 ( Figure 7C ). Again, this enhancement was entirely dependent on the intact PY motif ( Figure 7D ). Similarly, a deletion of the C-terminal region comprising the ID resulted in an increase in reporter activity in the presence of YAP ( Figure 7E ), indicating that αA1 also possesses an ID.
The results suggested that the ID of PEBP2 negatively regulates AD(TE2) activity by regulating the binding of YAP to the PY motif.
Discussion
Based on the following results, we conclude that the PY motif of PEBP2α represents a new transactivation domain which functions by recruiting the strong transactivator, YAP, to transcriptional promoters through a specific PY interaction element, the WW domain, present in the middle region of YAP. 
YAP is a co-activator of the PEBP2α family
Vertebrate PEBP2α contains a conserved PY motif within the TE2 subregion of its AD. YAP was able to bind to, and potentiate the transcription activity of all members of the mammalian PEBP2α family. We have provided evidence to show that the interaction of YAP with the PY motif of αA1 is largely responsible for the transcription stimulation of a natural αA1-dependent promoter identified in the osteocalcin gene, suggesting that αA1 uses YAP as a transcriptional co-activator during the process of osteogenesis. Indeed, we detected PY motif activity in bone-related cell lines MC3T3-E1 and ROS17/2.8. The major role of αB1 is carried out in hematopoietic cells. However, YAP appears not to be expressed in many hematopoietic cell lines. Furthermore, the PY motif of αB1 does not seem to be functional in several hematopoietic cell lines including L1210 (B cells), Jurkat (T cells) and U937 (monocyte) (data not shown). In addition, YAP transcripts were hard to detect in these cells. It will be necessary to determine whether YAP actually functions in hematopoietic cells, and if so, whether this expression correlates with a certain stage of differentiation. αB1 is also expressed in cells other than hematopoietic lineages. For example, both αB1 (Zhu et al., 1994) and YAP are known to be expressed in muscle cells. The Ig Cα promoter is stimulated specifically by αC to induce immunoglobulin class switching in B cells (Shi and Stavnezer, 1998) , where YAP is not expressed. Given the fact that the PY motif is well conserved from Xenopus to human in all three PEBP2α subunits, αC is also likely to be a natural partner of YAP for stimulation of certain promoters in certain cell types. Further studies are required to identify natural promoters which are stimulated by PEBP2α subunits in conjunction with YAP.
We showed that binding of YAP to the PY motif of αA1 and αB1 is inhibited by the ID, the adjacent autoinhibitory region in PEBP2α. We speculate that an external signal which activates PEBP2 activity would remove the ID and 'open' AD to allow the association of the potent transactivator, YAP, with the PY motif (Figure 8 ). In the case of other co-activators, this type of regulation of protein-protein association has been well documented. For example, CBP binds to the transcription factor CREB only when Ser133 in the activation domain is phosphorylated by cAMP-dependent kinase (Chrivia et al., 1993) . A co-activator of nuclear receptors, SRC-1/NCoA-1, binds to the C-terminal region of the receptors in a liganddependent manner (Onate et al., 1998) . It is noteworthy that αB1 is a substrate of MAP kinase and that phosphorylation by MAP kinase increases the transactivation activity of αB1 (Tanaka et al., 1996) . Thus, it seems possible that phosphorylation by MAP kinase is responsible for unmasking of the AD. From this point of view, it is intriguing to note that αC lacks the target sites of MAP kinase phosphorylation which are well conserved between αA1 and αB1 . Interestingly, the amino acid sequences of ID are well conserved between αA1 and αB1, whereas the equivalent region of αC is less well conserved, suggesting that the ID of αC may not be as efficient as those of αA1 and αB1. Consistent with this notion, YAP potentiates the transcription activity of αC more efficiently than any other member of the PEBP2α family ( Figure 6C) .
Recently, a general transcriptional co-activator, p300, was shown to interact with AML1/αB1 between the Runt domain and the AD (Kitabayashi et al., 1998) . Thus, the relationship between p300 and YAP in potentiating the transcription activity of PEBP2 must be examined. YAP is a transcriptional co-activator reminiscent of VP16 CBP associates directly with transcription factors CREB (Chrivia et al., 1993) , c-Jun (Arias et al., 1994; , c-Fos and STAT1 (Horvai et al., 1997) through distinct portions of its polypeptide chain. CBP also forms a complex with other co-activators such as SRC-1/NCoA-1, p/CIP and p/CAF and associates with nuclear receptors through SRC-1/NcoA-1 (Torchia et al., 1998) . In contrast, interaction between the WW domain and the PY motif is highly specific, indicating that YAP is a more specialized co-activator of a subset of transcription factors. In this respect, YAP is reminiscent of herpesvirus VP16, which contains an intrinsic, strong activation domain and specifically binds to Oct1 to convert this relatively weak transactivator to a strong one (Kristie and Sharp, 1990; Stern and Herr, 1991) . Since YAP contains a strong activation domain equivalent to that of VP16, binding of YAP would be expected to change weak activators to stronger activators. Indeed, the AD of PEBP2α has only weak transcription activation activity (Kanno et al., 1998) . The AD of VP16 is rich in acidic amino acids. The AD of YAP also includes a region rich in acidic amino acids. In addition, both ADs show strong activity in yeast cells. Interestingly, neither VP16 nor YAP show detectable HAT activity. These observations suggest that VP16 and YAP stimulate transcription by a similar mechanism. Since the AD of VP16 interacts directly with components of the basal transcription machinery including TFIIB to stimulate transcription (Lin et al., 1991; Roberts et al., 1993) , it will be necessary to examine whether this is also the case for YAP.
The PY motif as a transcription activation domain
In this study, we showed that the PY motif functions as a transcription activation domain. As described in the Introduction, the PY motif is present in the ADs of many transcription factors besides those of the PEBP2α family. Mosser et al. (1998) have recently shown that a mutation in one of the two PY motifs in the transcription activation domain of the p45 subunit of mouse NF-E2 reduces its transactivation activity. In addition, Gavva et al. (1997) have shown that the WW domains of YAP bind to the PY motif of NF-E2 in vitro. In AP2, the PY motif is present in the 60 amino acid proline-rich AD (Williams and Tjian, 1991) . Furthermore, the PY motif is conserved in the AP2 family comprising AP2α, AP2β and AP2.2 in mouse, suggesting the importance of the motif for AP2 function. Interestingly, the expression of AP2.2 is induced during the neural differentiation of P19 cells which express YAP (Oulad-Abdelghani et al., 1996) .
Smad family proteins which are involved in the transcriptional regulation mediated by TGFβ/BMP signaling pathways also contain the conserved PY motif, although the motif is located outside of the previously determined transcription activation domain. Since the motif is well conserved in all members of the Smad family in mammalian cells with the exception of Smad4 (Rotin, 1998) , it will be worth examining the possible involvement of YAP in Smad activities. We also noticed that the recently identified p73 (Kaghad et al., 1997) , p63 (Yang et al., 1998) and p51B (Osada et al., 1998) homologs of the tumor suppressor protein p53 contain a PY motif in their C-terminal regions which are not conserved in p53. Since these p53 homologs are thought to function as DNAbinding transcription factors, it will be interesting to examine whether these PY motifs function as transactivation domains. In any event, we propose that the PY motif functions as a transcription activation domain in a subset of transcription factors and utilizes YAP as a co-activator for the efficient stimulation of transcription. Does YAP transmit a signal from Yes/Src/Crk to transcription factors? YAP was originally isolated as a c-Yes-associated protein.
In vitro, YAP was found to bind to the SH3 domain of c-Yes, c-Src and Crk, suggesting that YAP plays a role in a signaling pathway that transmits signals from proteins located in the cytoplasm to transcription factors in the nucleus (Sudol, 1994) . Together with our results, we speculate that the behavior of YAP is reminiscent of STAT and Smad family proteins. STAT proteins are activated by tyrosine kinase associated with growth factor receptors and are translocated into the nucleus to form complexes with transcription factors (Darnell, 1997) . Likewise, Smad proteins are activated by TGFβ/BMP/activin receptors having Ser/Thr kinase activity and are translocated into the nucleus where they participate in transcription stimulation (Massagué, 1998) . YAP may also be signal-regulated and transmit signals from Yes/Src/Crk to the nucleus to regulate the expression of specific target genes. This intriguing possibility will be a subject of future studies.
Since there are many WW domain-containing proteins with different functions in the cell (Rotin, 1998) , it is possible that a WW domain-containing protein(s) other than YAP associate with the PY motif of transcription factors to perform functions distinct from those of YAP in certain situations. Indeed we isolated several WW domain-containing proteins besides YAP in our two-hybrid screening. We speculate that the PY motif-WW domain interaction constitutes a part of a complex network of multiple signal transduction pathways. Further efforts to identify the binding partners of the PY motif of various transcription factors should contribute to our understanding of the overall network of cellular signaling involved in transcriptional regulation.
Materials and methods

Plasmids
For the expression of minimum GAL4 DNA-binding domain [GAL4 (1-93)] fusion proteins in mammalian cells, the pG vector was constructed by deleting a fragment containing amino acids 94-147 of the GAL4 DNA-binding domain of pCMX-GAL4 (Willy et al., 1995) . Mouse YAP (mYAP) cDNA, the DNA fragment coding the AD of VP16 (amino acids 413-490) derived from pSGGAL4-VP16 (Fujii et al., 1991) , the PCR-amplified 33 amino acid PY motif-containing fragment of PEBP2αB1 (amino acids 339-371) and the synthetic oligonucleotides coding for the peptide sequences HTYLPPPYPGSS and HTYLAP-PYPGSS were inserted into pG in-frame with the coding sequence of the GAL4(1-93), resulting in pG-YAP, pG-VP16, pG-PY33, pG-PY12 and pG-PY12 P1A, respectively. The deletion mutants of pG-YAP were constructed by either exonuclease III/mung bean nuclease digestion or PCR amplification of the corresponding region. For expression of the LexA DNA-binding domain fusion protein in yeast cells, PCR products encompassing amino acids 292-371 and 302-371 of PEBP2αB1 were inserted into pBTM116 (Bartel et al., 1993) , resulting in pBTM-αB1(292-371) and pBTM-αB1(302-371), respectively. The alanine substitution mutations were introduced into the PY motif of pG-PY33 and pBTM-αB1(302-371) by PCR-based mutagenesis. mYAP cDNA was subcloned into pGAD424 (Clontech), resulting in pGAD-YAP which expresses the GAL4 activation domain fused to mYAP. pEF-αB1 series [αB1, αB1(1-411), αB1(1-371) and αB1(1-331)] (Kanno et al., 1998) , pEF-hαA1 series [hαA1, hαA1(1-424), hαA1(1-388)] (a gift from Y.W.Zhang), pEF-αC and pEF-β2 (Lu et al., 1995) express PEBP2αB1, human PEBP2αA1, PEBP2αC and PEBP2β2, respectively, in mammalian cells. The PY motif mutants of pEF-αB1 and pEF-αB1(1-371) were constructed by replacing the PY motifcontaining fragments with the appropriate fragments from pBTM-αB1(302-371) PY motif mutants. mYAP cDNA was subcloned into pEF-BOS lacking the SV40 origin (Mizushima and Nagata, 1990; Kanda et al., 1994) , resulting in pEF-YAP. To express FLAG-tagged YAP, a synthetic oligonucleotide encoding the FLAG epitope was fused to the N-terminus of YAP cDNA, and then inserted into pEF-BOS resulting in pEF-YAP-N-FLAG. pKS-αB1 (Ogawa et al., 1993b) , pKS-αC and the pKS-hαA1 series [hαA1, hαA1(1-424), hαA1 (1-388)] (a gift from Y.W.Zhang) were used for in vitro translation. A series of pSK(ϩ)-αB1 PY motif mutants were made by subcloning the cDNAs from the pEF-αB1 PY motif mutants into pBluescript SK(ϩ) (Stratagene). The pcDNA3.1/His (A, B and C) series (Invitrogen) were used for the expression of Xpress-tagged protein in mammalian cells. mYAP cDNA was subcloned into pcDNA3.1/HisC (Invitrogen), resulting in pcDNA-YAP. A fragment containing amino acids 1-301 of YAP derived from pG-YAP(1-301) was inserted into pcDNA3.1/HisC to make pcDNA-YAP(1-301). An EcoRI-AatI fragment encoding p300(962-1708), which contains histone acetyl transferase activity , was cut out from pCMV-p300 (Eckner et al., 1994) inserted into pcDNA3.1/HisB, resulting in pcDNA-p300(962-1708). pGEX-5X-2 (Pharmacia Biotech.), pGEX2TKmYAPWW1 and pGEX2TKmYAPWW2 (Gavva et al., 1997) were used for bacterial expression of GST fusion proteins for in vitro GST pull-down assays. p147-luc (Ducy and Karsenty, 1995) , ptk-GALpx3-LUC (Kanno et al., 1998) , ptk-luc (Zhang et al., 1997b) and pFL56-3 (Lin and Stavnezer, 1992) , which express Firefly luciferase, were used as reporter plasmids in the reporter assays. pRL-EF (Kim et al., 1999) , which expresses Renilla luciferase, was used as an internal control in the reporter assay.
Cell culture P19 cells, a mouse embryonal carcinoma cell line, were cultured at 37°C in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F12 medium supplemented with 10% fetal bovine serum (FBS). NIH 3T3 mouse fibroblasts and COS7 cells were cultured at 37°C in DMEM supplemented with 10% FBS. MC3T3-E1 calvarial cells were cultured at 37°C in Minimum Essential Medium Alpha Medium supple-mented with 10% FBS. L1210 mouse B-cell lines were maintained at 37°C in RPMI 1640 supplemented with 10% FBS.
cDNA library constructions
Poly(A) ϩ RNA was isolated from P19 cells by using an RNA extraction kit (Pharmacia Biotech.) and an mRNA purification kit (Pharmacia Biotech.). Either oligo(dT) or random primed cDNAs were synthesized by the Gubler-Hoffmann method (Gubler and Hoffman, 1983) and were ligated with EcoRI-NotI adopters (Pharmacia Biotech.). The adopter-ligated cDNAs were inserted into pGAD424 at the EcoRI site, and then the products were transformed into Escherichia coli DH10B. The number of independent clones/insert size of oligo(dT) and random primed cDNA libraries were~2ϫ10 7 clones/0.5-7 kbp and 2ϫ10 6 clones/0.3-5 kbp, respectively.
Yeast two-hybrid screen and assays transformed into the L40 yeast strain (Bartel et al., 1993) was used for the screening of the mixture of oligo(dT) and random primed mouse P19 cell cDNA libraries described above using Matchmarker™ Two-Hybrid System (Clontech) according to the manufacturer's instructions. From~1ϫ10 8 original transformants, 163 HIS ϩ / lacZ ϩ clones were isolated. Library plasmids extracted from these positive clones were retransformed into the L40 strain along with the yeast expression plasmid for or LexA. Of these, 14 clones were HIS ϩ /lacZ ϩ only when co-transfected with LexA-αB1(292-371) and were sequenced. The liquid β-galactosidase assay was performed using the Matchmarker™ Two-Hybrid System (Clontech) according to the manufacturer's instruction for quantitative analysis.
RT-PCR
Poly(A) ϩ RNA was isolated from batches of 10 7 cells by using the QuickPrep Micro mRNA Purification Kit (Pharmacia Biotech.). mRNA was reverse-transcribed by Superscript II RNase H -reverse transcriptase (Gibco-BRL) and treated with RNase H. The PCR was carried out using the first strand cDNA or the poly(A) ϩ RNA as template. PCR products obtained by using 1% of original amount of poly(A) ϩ RNA isolated from 10 7 cells were separated by electrophoresis on 2% agarose gel, and stained with ethidium bromide. The primers used were as follows; mYAP sense primer, 5Ј-CCCTGATGATGTACCACTGCC-3Ј [nucleotides (nt) 654-674 of mouse YAP]; mYAP antisense primer, 5Ј-CCACTGTTAAGAAAGGGATCGG-3Ј (nt 1271-1251 of mouse YAP); mβ 2 -microglobulin sense primer, 5Ј-GACCGGCTTGTATGCTA-TCC-3Ј (nt 97-116 of mouse β 2 -microglobulin); mβ 2 -microglobulin antisense primer, 5Ј-TCTCGATCCCAGTAGACGGT-3Ј (nt 405-386 of mouse β 2 -microglobulin).
Indirect immunofluorescence staining NIH 3T3 cells were transfected with FuGENE™6 (Boehringer Mannheim). The transfected cells were seeded onto chamber slides (Nalge Nunc, Naperville, IL). After 24 h incubation, the transfected cells were fixed, permeabilized and successively stained with anti-FLAG M2 antibody (Kodak) and FITC-conjugated goat anti-mouse antibody (Biosource).
In vitro protein-protein binding assays [ 35 S]methionine-labeled proteins were synthesized in vitro by using a transcription-translation kit (Promega). GST fusion proteins were expressed in E.coli and immobilized on glutathione-Sepharose 4B beads (Pharmacia Biotech.). Then the beads were incubated for 2 h at 4°C with 35 S-labeled proteins in 500 μl of GPD buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP-40). Beads were washed four times with 500 μl of GPD buffer. Bound proteins were eluted by boiling in standard SDS gel loading buffer, separated by 10% SDS-PAGE and visualized by autoradiography. The band intensities were quantified by BAS2000 (Fuji).
Transient transfection and reporter gene assays
For reporter assays, the cells were transfected with the plasmids indicated in the figure legends. In Figures 5, 6 and 7, the total amount of transfected DNA was set to 20 μg (L1210 cells) or 1 μg (P19 and NIH 3T3 cells) by adding pEF-BOS (L1210 cells) or pcDNA3.1/HisA (P19 and NIH 3T3 cells). P19, NIH 3T3, COS7 and MC3T3-E1 cells in 6-well microplates were transfected by FuGENE™6 and the cells were harvested 36 h after transfection. L1210 cells (1ϫ10 7 cells in 300 μl of serumfree RPMI 1640 medium in a 0.4 cm cuvette) were transfected by electroporation at a setting of 950 μF/250 V and at room temperature using Gene Pulser (Bio-Rad) and the transfected cells were harvested 2560 24 h after transfection. Firefly and Renilla luciferase activities were assayed with the dual luciferase assay system from Promega with Lumat LB 9507 (EG&G Berthold, Bad Wildbad, Germany) according to the manufacturer's instruction. Firefly luciferase activity was normalized with respect to Renilla luciferase activity. All experiments in 'transfection and reporter gene assays' were performed at least three times.
IP HAT assay
The IP HAT assay was preformed by the essentially the same method as that described by Bannister and Kouzarides (1996) using anti-Xpress antibody (Invitrogen) and COS7 cells cultured in a 15 cm dish and transfected by FuGENE™6 with 2 μg of a pcDNA3.1/His-based plasmid.
